Louisiana State University

LSU Digital Commons
Faculty Publications

Department of Physics & Astronomy

8-14-2017

Interface currents and magnetization in singlet-triplet
superconducting heterostructures: Role of chiral and helical
domains
Alfonso Romano
CNR - SuPerconducting and other INnovative materials and devices institute, Salerno

Canio Noce
CNR - SuPerconducting and other INnovative materials and devices institute, Salerno

Ilya Vekhter
Louisiana State University

Mario Cuoco
CNR - SuPerconducting and other INnovative materials and devices institute, Salerno

Follow this and additional works at: https://digitalcommons.lsu.edu/physics_astronomy_pubs

Recommended Citation
Romano, A., Noce, C., Vekhter, I., & Cuoco, M. (2017). Interface currents and magnetization in singlettriplet superconducting heterostructures: Role of chiral and helical domains. Physical Review B, 96 (5)
https://doi.org/10.1103/PhysRevB.96.054512

This Article is brought to you for free and open access by the Department of Physics & Astronomy at LSU Digital
Commons. It has been accepted for inclusion in Faculty Publications by an authorized administrator of LSU Digital
Commons. For more information, please contact ir@lsu.edu.

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Interface currents and magnetization in singlet-triplet
superconducting heterostructures: Role of chiral and helical
domains
Alfonso Romano, Canio Noce, Ilya Vekhter, and Mario Cuoco
Phys. Rev. B 96, 054512 — Published 14 August 2017
DOI: 10.1103/PhysRevB.96.054512

Interface currents and magnetization in singlet-triplet superconducting
heterostructures: Role of chiral and helical domains
Alfonso Romano,1 Canio Noce,1 Ilya Vekhter,2 and Mario Cuoco1
1

CNR-SPIN, I-84084 Fisciano (Salerno), Italy and Dipartimento di Fisica “E. R. Caianiello”,
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Chiral and helical domain walls are generic defects of topological spin-triplet superconductors. We
study theoretically the magnetic and transport properties of superconducting singlet-triplet-singlet
heterostructure as a function of the phase difference between the singlet leads in the presence of
chiral and helical domains inside the spin-triplet region. The local inversion symmetry breaking
at the singlet-triplet interface allows the emergence of a static phase-controlled magnetization, and
generally yields both spin and charge currents flowing along the edges. The parity of the domain
wall number affects the relative orientation of the interface moments and currents, while in some
cases the domain walls themselves contribute to spin and charge transport. We demonstrate that
singlet-triplet heterostructures are a generic prototype to generate and control non-dissipative spin
and charge effects, putting them in a broader class of systems exhibiting spin-Hall, anomalous
Hall effects and similar phenomena. Features of the electron transport and magnetic effects at the
interfaces can be employed to assess the presence of domains in chiral/helical superconductors.

I.

INTRODUCTION

In the past two decades the study of superconductorbased heterostructures has increasingly been a focal center both for their potential application in novel electronic
devices and because of the richness of the underlying fundamental physics. Even more than in the traditional heterostructures, for superconducting systems the interface
controls the symmetry and the nature of the emerging
electronic states, and hence sets the physical properties.
Interface potentials and the associated electronic reconstruction lead to exotic proximity effects, edge states, and
possible spontaneous symmetry breaking as well as the
unusual spin and charge electronic transport.
Whether gapped systems, such as insulators or superconductors, exhibit robust protected low-energy states at
their boundary depends on the symmetries of their bulk
electronic states1–5 . The earliest and most prominent
example of such topological state is the quantum Hall
state identified by the topological number introduced by
Thouless, Kohmoto, Nightingale, and den Nijs (TKNN)6 .
Among the superconducting systems, a notable case of
superconductor with non-trivial TKNN number is the
two dimensional chiral (p+ip)-wave superconductor with
time-reversal symmetry-breaking order parameter, and
the leading candidate for its realization is Sr2 RuO4 7–9 .
Recent intense interest in this area led to the identification10–19 of additional classes of topological superconductors with time reversal invariance. These can be viewed
as the time reversal partners of the chiral ones, just as
the quantum spin Hall systems relate to integer quantum
Hall systems. In contrast to the chiral superconductors
and in analogy with quantum spin Hall systems, topological time-reversal-invariant superconductors can have
zero modes that come in pairs, due to Kramers’s degeneracy, and can support counter-propagating helical states
of opposite spins near the boundary that carry a net spin

current. Among the candidate materials, where this effect may occur, there are the 3 He B phase17,20,21 , Cudoped BiSe2 22–24 , p-type TlBiTe2 25 , the interface state of
Sr2 RuO4 26 , BC3 27 , and even doped Mott insulators28–30 .
A distinctive mark of these triplet phases is that the
topological nature relies on the orbital degeneracy of
the superconducting order (for example between px and
py state), allowing for the existence of the domains
(px ± ipy ). Since the degeneracy of the most favorable
superconducting state is discrete, the domain walls separating such regions are well defined, and create spatial
variations of the order parameter that give rise to subgap
electronic states31 , in close analogy to what happens at
the surface. In the example above, chiral p-wave superconductivity exhibits two-fold degeneracy corresponding
to clockwise or counterclockwise winding of the orbital
superconducting phase for each spin orientation32 , allowing for two types of chiral domains separated by a chiral
domain wall (chiral-DW) (see Fig. 1). While up to now
there has been no direct observation of the chiral-DW33 ,
its existence has been strongly suggested by transport
studies in Sr2 RuO4 junctions34–36 . Such a domain wall
serves as a one-way channel for charge transport, with
non zero conductance measured between a pair of metal
contacts37 , allowing probes of chiral superconductivity
via electrical measurements.
In a similar fashion, in helical superconductors with
time-reversal invariance a domain wall (helical-DW) can
occur between regions with opposite orbital winding for
each spin orientation of the Cooper pairs. For instance, in
non-centrosymmetric superconductors, where the crystal
structure dictates the form of the triplet superconducting
component, two regions with the opposite inversion symmetry breaking fields face each other across twin boundaries. In such systems with dominant odd-parity pairing twin boundaries may exhibit helical edge modes38–41 ,
akin to the electronic edge states of the quantum spin
Hall insulator, and also provide possible realizations for
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additional spontaneous symmetry breaking and anomalous vortices enclosing fractional fluxes42–44 .
It is well established that the properties of the surface states in topological superconductors can be manipulated in heterojunctions with conventional superconducting materials. Both spin and charge currents, as well
as the magnetic moments emerging at the interface, sensitively depend on the nature of the pairing interaction
and the interface potentials45 , and can be controlled by
the phase difference across the junction46 . At the same
time, the effect of the domain walls on the properties of
such junctions has not been previously explored.
The aim of the paper is therefore to investigate the
role of domain walls inside the spin-triplet superconducting region for the generation and control of magnetization, spin and charge currents at the interface between
chiral/helical spin-triplet p-wave superconductors with
conventional spin-singlet s-wave superconductors in the
presence of a phase difference across the heterostructure.
The response of the resulting singlet-triplet-singlet (ST-S) superconducting planar junction, schematically depicted in Fig. 1, is analyzed for each of the two cases of
time reversal symmetry (TRS) breaking chiral or TRSpreserving helical spin-triplet order parameters, comparing single-domain and two-domain spin-triplet layers.
Since the chiral (helical) spin triplet states have edge
modes with spontaneously flowing charge (spin) currents,
different types of configurations can occur close to each
interface, which are intimately connected to the possible
occurrence of a non-vanishing spin polarization as due
to the local inversion symmetry breaking at the singlettriplet interface and the subsequent parity mixing. The
emerging physical scenario can be quite rich, with currents with variable directions and spin polarization with
different orientations that can be tuned by the phase difference applied between the singlet layers and that can
combine to give a net charge or a net spin flow at the
interface separating different domains (see Fig. 1).
Some of the features, such as static magnetic moments or certain components of the spin currents, develop
solely at the interfaces between the singlet and the triplet
states, and depend sensitively on the spin structure of the
triplet order parameter. While their existence at each interface does not depend on the existence of the domain
walls, their relative orientation does depend on the number of domain walls (parity-DW). Hence the domain walls
directly control the net values of these quantities across
the junction, and the phase difference across the heterostructure allows sensitive control of their magnitudes.
In other cases, the domain wall directly contributes to the
components of the spin and charge current, often dominating the contribution from the S-T boundaries. In
these circumstances the phase-sensitivity is weaker, but
the domain wall contribution is more pronounced. We explore these possibilities and give detailed analysis of the
behavior of the magnetization, spin and charge currents
in each configuration. In principle, we envision the possibility of having a switchable functional heterostructure

with distinct possible values of the integrated amplitude
of the magnetization, spin- and charge- currents, either
null (or very small) or substantial. In a very broad sense,
these effects can be seen as counterparts of the spin-Hall,
anomalous Hall, and their inverse in the superconducting
state.

II.

MODEL AND METHODOLOGY

We consider a planar S-T-S trilayer of size L × L (in
units of the lattice constant) extending in the x-y plane,
where the two interfaces separating the central p-wave
spin-triplet superconductor from the two lateral s-wave
spin-singlet ones are taken to be parallel to the y direction. For simplicity we choose the layers of equal width,
so that, if we denote the lattice sites by i ≡ (ix , iy ), with
ix and iy integers between −L/2 to L/2, the two singlettriplet interfaces are located at ix = ±L/6. Asymmetry
of the junction geometry does not qualitatively influence
the physical behavior of the heterostructure, and does not
affect our conclusions. When a spin-triplet layer made of
two domains with opposite chirality/helicity is considered, the sites (ix =0, iy ) define the boundary separating
the two regions.
The Hamiltonian is defined as
H = H0 + HS + HT

(1)

with
H0 =

ti,j (c†i σ cj σ + h.c.) − µ

X
hi,ji∈S, σ

HS =

X

X

niσ

i∈S,σ

U0 ni↑ ni↓

i∈S

HT =

X
hi,ji∈T

V↑↓ (ni↑ nj↓ + ni↓ nj↑ ) −

X

Vσσ niσ njσ .

hi,ji,σ

(2)
where H0 contains the single particle terms, while HS and
HT describe the pairing in the spin-singlet and triplet
regions of the junction, respectively. Here, ci σ is the
annihilation operator of an electron with spin σ at the
site i, ni σ = c†i σ ci σ is the spin-σ number operator and
tij is the hopping amplitude that is nonvanishing only
between the nearest neighboring sites hi, ji, with µ being the chemical potential. Periodic boundary conditions
are assumed only in the y direction, since the presence
of the interfaces breaks the translational symmetry along
x. The short ranged (i.e. nearest-neighbor attractive interaction) −V↑↓ (V↑↓ > 0) allows for both singlet and
triplet pairing channels with zero spin projection along
the z axis, whereas −Vσσ (Vσσ > 0) is effective only for
the equal-spin triplet channel. −U0 is the superconducting coupling for the local s-wave spin-singlet configuration in the lateral sides of the junction. Since we deal
with magnetic effects at the singlet-triplet interface, it

3

FIG. 1. (color online). Schematic representation of the singlet-triplet-singlet (S-T-S) heterostructure in the presence of a
spin-triplet superconductor with single (a) or double chiral domain (c) or single (b) or double (d) helical domain. In (c) and (d)
the domain wall is indicated with a black dashed line to separate the two regions with opposite winding of the superconducting
order parameter for each spin direction. The arrows (green and red for up and down spin) along the domain wall and at the
singlet-triplet interface indicate the spin dependent charge currents due to the presence of Andreev bound states.

is convenient to introduce the local spin density polarP
ization ~s(i) = s,s0 c†i s~σs,s0 ci s0 and the averaged quanti~ x ) = 1 P P 0 hc†
σs,s0 cix iy s0 i for the total
ties S(i
ix iy s ~
iy
s,s
Ly
magnetization at a given position along the x-direction,
ix . The total magnetization for any part of the S-T-S
heterostructure is simply the sum over the sites ix . For
our purposes, it is useful to consider two distinct ranges
for the computed integrated quantities. Below we determine the expectation values of the magnetization for
the whole system by summing up over all the sites ix
in [−L/2, L/2], and also for half of the heterostructure
within the interval [−L/2, 0]. The latter is needed to
make connections with the results for a single interface
studied previously.
The edge states at the singlet-triplet boundary can
support net currents whose spin character depends on the
nature of the chiral and helical triplet state, the mixedparity configuration emerging at the interface, and the
occurrence of domains within the spin-triplet superconductor. Study of the spin and charge currents in the
S-T-S heterostructure are one of the foci of our attention
below. The local values of the current with spin component α flowing along the S-T interface at the site ix
is
2t X
α
Jsα (ix ) =
sin(py )hc†ix py ν σνν
(3)
0 cix py ν 0 i
Ly p
y

where c†ix py ν is the creation operator of an electron at
the site ix with a given momentum py along the interface, obtained by performing the Fourier transformation
only for the iy coordinates. σ α is the Pauli matrix corresponding to the α spin direction. The charge current,
Jc (ix ), is then obtained by summing the contribution of
the up and down polarized electrons, i.e. by replacing
the Pauli matrix with the identity matrix above. Similar
to the magnetization, we evaluate average quantities that
include the summation of all the currents at different dis-

tances from
P one of the two singlet-triplet interfaces, i.e.
Jsz = L1y −L/2<ix <0 Jsz (ix ).
For the analysis of the superconducting state, the
Hamiltonian in Eq. 1 is decoupled within the HartreeFock approximation as
0

V σσ niσ njσ0 '

0

0

† †
V σσ (∆σσ
ij cjσ ciσ 0
0

0

σσ 2
¯ σσ
+∆
ij ci σ 0 cj σ − |∆ij | ),

U0 ni↑ ni↓ '

U0 (∆0,i c†i↑ c†i↓
¯ 0,i ci↓ ci↑ − |∆0,i |2 ).
+∆

where the general pairing amplitude on a bond between
spin σ and σ 0 electrons at the sites i and j is given
0
= hci σ cj σ0 i and the local singlet is ∆0i =
by ∆σσ
ij
hci↓ ci↑ i. The numerical analysis consists in evaluating
self-consistently these pair correlation amplitudes and,
for the Sz = 0 sector, to combine them to yield the spin↑↓
singlet and triplet components as ∆S,T
= (∆↑↓
ij
ij ± ∆ji )/2.
The solution is obtained by solving the Bogoliubov-de
Gennes equations related to the Hamiltonian in Eq. 1
that gives the spin-resolved energy spectrum of the system, including both bulk and edge Andreev states.
Spin-triplet order parameters can be expressed in a
matrix form as47

 

∆↑↑ ∆↑↓
−dx + idy
dz
∆T =
=
, (4)
∆↓↑ ∆↓↓
dz
dx + idy
~
where the d-vector
components are related to the pair
correlations for the various spin-triplet configurations
having zero spin projection along the corresponding symmetry axis. The three components dx = 21 (−∆↑↑ + ∆↓↓ ),
1
dy = 2i
(∆↑↑ + ∆↓↓ ) and dz = ∆↑↓ are expressed in terms
of the equal spin ∆↑↑ and ∆↓↓ , and the anti-aligned spin
∆↑↓ pair potentials.
For the present study, the pairing interaction V is assumed to be non zero in the ↑↓ channel for the chiral
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FIG. 2. (color online). (a) schematic description of the singlet-triplet-singlet (S-T-S) heterostructure with a single chiral domain
in the spin-triplet region having px + ipy orbital symmetry and zero spin projection along the z direction. The encircling arrows
for the electron pair are used to sketch the coherent spin-triplet state with zero projection along the direction perpendicular
to the spin plane. The donut-like shape schematically indicates the electron spatial probability associated to the px + ipy
orbital state. Range 1 (2) indicates half (entire) extension of the S-T-S system. Spatial profile of the real ((b) and (d)) and
imaginary ((c) and (e)) parts of spin-singlet and spin-triplet order parameters, respectively, is shown at different values of the
phase difference φ between the spin-singlet sides of the heterostructure. Panels (f), (h) and (l) indicate the spatial evolution
of the z-projected magnetization (i.e. 2SZ ), z-component of the spin-current (JSZ ) and charge-current (JC ), respectively. (g),
(i) and (m) describe the phase dependent behavior of the integrated quantities over the range 1 (blue squares) and 2 (black
circles) for SZ , JSZ , and JC , respectively.

case, and in the ↑↑ and ↓↓ channels for the helical one.
~
This implies that the d-vector
is along z for the chiral superconductor, and it lies in the xy-plane, which is chosen
to be coincident with the xy-plane of the heterostructure, as indicated in Fig. 1. Importantly, near the interface, due to the inversion symmetry breaking along
the x-direction, the triplet order parameter gets mixed
with the singlet component within the Sz = 0 channel.
In the following, we will consider two distinct choices of
the triplet vector d~p , both of the chiral type (time reversal symmetry breaking): a) d~ ≡ (0, 0, px + ipy ), i.e. d~p
in the z-direction, and b) the helical type (time reversal
invariant) with d~ ≡ (py , px , 0), i.e. d~p lies in the plane
of the junction (see Fig. 1). Moreover, in order to investigate the effects of the phase difference between the
two superconductors, we follow the conventional procedure employed for the study of the Josephson junctions,
by transforming the pairing wave-function in the spinsinglet sides of the heterostructure by the phase factors
exp[−iφ/2] and exp[iφ/2], respectively. By doing so we

assume that the domain wall is pinned, and its structure is fixed. In principle supercurrent flowing across the
junction may modify the phase profile across the DW,
but we leave this extension to future work.

III.

S-T-S HETEROSTRUCTURE: CHIRAL AND
HELICAL DOMAIN WALLS

As discussed above, interface static magnetic moment,
spin, and charge currents can all exist at the boundaries
between singlet and triplet superconductors. The question we address below is whether in the S-T-S junction
geometry there are measurable differences between the
configurations with the single domain triplet and with a
domain wall. To this end we present the results comparing the spatial dependence of the self-consistently determined order parameter, magnetization, relevant components of the spin and charge currents for the S-T-S
junctions with and without the domain walls for both
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FIG. 3. (color online). (a) schematic description of the singlet-triplet-singlet (S-T-S) heterostructure with two chiral domains
with opposite orbital winding in the spin-triplet region for a spin configuration with zero spin-projection along the z direction
(i.e. dz order parameter). Range 1 (2) indicates half (entire) extension of the S-T-S system. Spatial profile of the real and
imaginary parts of the spin-singlet ((b) and (c)) and spin-triplet ((d) and (e)) order parameters is reported at different values
of the phase difference φ between the spin-singlet sides of the heterostructure. (f), (h) and (l) indicate the spatial evolution
along x direction of the z-projected magnetization, spin-current and charge-current, respectively. (g), (i) and (m) describe the
phase dependent behavior of the integrated quantities over the range 1 (blue squares) and 2 (black circles) for the z-projected
magnetization, spin-current and charge-current, respectively.

helical and chiral superconducting triplet order parameter. Moreover, in order to connect our results with those
for the case of single interfaces, we always present a comparison of the magnetization or the current integrated
over the entire system (two boundaries with/without domain wall) and those integrated over half of the system
(a single interface). The results shown below are for S-TS junction with size L = 120 and layers of equal width.
Greater values of L and variation of the pairing coupling
amplitudes leave the results qualitatively unchanged.

A.

S-T-S with chiral spin-triplet superconductor

We start by considering the triplet superconductor
with a chiral order parameter. We assume that the dvector is fixed by the spin-orbit interaction along the
z-direction, so that the Copper pairs comprise electron
with opposite spins and have total Sz = 0, see Eq. (4).
This phase is stabilized with the choice V↑↓ = 2.5,
V↑↑ = V↓↓ = 0 and the chemical potential µ = −1.8 (all
in units of t), which corresponds to filling n ≈ 0.448–50 .

Fig. 2 shows the results for the S-T-S system without the domain wall, as sketched in panel a). The real
and imaginary components of the singlet and triplet order parameters are shown in panels b), c) and d), e)
respectively. As expected, they reach maximal values in
the bulk of the corresponding regions. However, for the
model in Eq. 1 a non-vanishing value of V↑↓ promotes
coupling both in the singlet and in the triplet channel.
In the absence of local inversion symmetry (e.g. near the
singlet-triplet interface), the lowest-energy stable configuration has a mixed-symmetry order parameter near
the boundary, with non-vanishing spin-triplet and singlet components45 . Then, in addition to the proximity
effect, the singlet pairing amplitude (Figs. 2 (b),(c)) is
sustained in the T region of the heterostructure close to
the interface by that pairing interaction. This mixed parity order parameter is the key player driving the magnetic
effects at the singlet-triplet boundary by spin-polarizing
the Andreev interface states. Indeed, we observe that a
spontaneous magnetization along the z-axis develops at
the S-T boundary already in the absence of a phase difference, φ (Figs. 2 (f)-(g)). Since the sign of the magne-
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tization is linked to the gradient of the superconducting
order parameter near the boundary45 , the “left” and the
”right” S-T boundaries exhibit opposite magnetizations,
see Fig. 2 (f). While the magnetization across each interface can be tuned by varying the phase difference, the
contributions from the two boundaries remain opposite
at any φ, as demonstrated by the vanishing of the total
magnetization integrated over the whole system (Fig. 2
(g)). Strictly speaking, the net magnetization is identically zero only for an ideal symmetric trilayer, but it is
reasonable to expect that for asymmetric systems the total magnetization of the heterostructure still undergoes a
nearly complete cancellation due to the antiparallel magnetic moments at the two S-T edges. Note that the magnetic moment at a single interface, Fig. 2 (g), is controlled
by the phase difference of φ/2 between the singlet and
triplet order parameters, so that the full period of the
magnetization dependence on the phase is 4π.
However, since the spin-splitting of the Andreev states
is opposite at the two interfaces, we find that the net
spin current is the same at both, as is seen from Figs. 2
(h),(i), and adds up to a non-zero net Jsz , whose amplitude can be modulated by the phase difference. As expected for the chiral spin-triplet superconductor a finite
charge current Jc flows in opposite direction at each S-T
interface, see Figs. 2 (l),(m). This current is carried by
the Andreev bound states at each interface, and therefore
the same spin-splitting of these states that leads to the
finite interface magnetization reduces the magnitude of
Jc . Consequently, the maximum of the charge current at
each interface is reached not at φ = 0, but for the phase
difference with vanishing magnetization, at φ ∼ 1.25π in
our case. Quite generally, changing the phase difference
across the interface has a complex effect on the dispersion
of the bound states, which, at a finite φ, is determined
not only by the mismatch between the singlet and the
triplet order parameters, but also by the phase difference
between the s-wave component of the mixed parity state
on the triplet side, and the corresponding isotropic order
parameter of the s-wave lead. As a result, the relation
between the spin and charge current amplitudes at φ = 0
and φ = 2π (π phase shift across a single interface) is
non-trivial.
We foresee the possibility to coherently switch the system from a state that has only charge current close to
the edge (e.g. at φ = 0) to another one where both spin
and charge currents are present at each single interface
(e.g. at φ = π). Note that once we sum over the contributions of the two interfaces, due to the chirality of the
order parameter, we have only a net spin current whose
amplitude can be phase modulated, see Figs. 2 (h),(i).
We now compare these results with the behavior of the
equivalent junction where a triplet layer contains two domains with opposite chirality, i.e. with an orbital content
of the form px + ipy and px − ipy , respectively, see Fig. 3
(a). We consider the geometry with the domain wall parallel to the interface. The evolution of the order parameters (Figs. 3 (b)-(e)) is akin to that obtained for the case

without a domain wall except that the imaginary part of
the triplet py component of the triplet changes sign across
the domain wall at ix = 0. Concomitantly, this leads to a
moderate enhancement of the px component at the DW
location. Since the interface magnetization occurs only
at the boundary with the singlet supporting the mixed
parity order parameter, there is no change in its behavior
between the two geometries, compare Figs. 3 (f)-(g) with
the corresponding panels of Fig. 2. This identical behavior also supports our understanding that the origin of the
magnetization is in the coupling of the gradient of the px
component of the triplet order parameter to the singlet
superconductivity45,46 . This component turns out to be
unchanged across the domain wall. On the other hand,
for the chiral superconductors the dispersion of the surface state is determined by the relative phase of the px
and py components as well as the “left” or “right” orientation of the boundary, and therefore now the velocity
of the Andreev states is the same at the two S-T interfaces. Consequently the contributions to the spin current
from the two interfaces are opposite, Fig. 3(h), and the
net spin current vanishes, Fig. 3(i), along with the net
magnetization.

On the other hand, as schematically depicted in Fig.
1 and shown in Fig. 3(l), for the same reason now the
charge currents flow in the same direction at both S-T
interfaces. At the same time along the line ix = 0 there is
an additional charge current due to the opposite orbital
circulation of the Cooper pairs in the two domains. While
the former contribution can be controlled by the phase
difference across the heterostructure, the latter is phaseinsensitive. Consequently, while the overall shape of the
phase dependence of Jc in Fig. 3(m) is similar to that
found for half-junction in in Fig. 2(m), there is an overall
shift due to the domain wall, so that the sign of the net
current does not change.

The main conclusion from this comparison is that in
an S-T-S heterostructure with chiral spin-triplet and one
component of the dk -vector, perpendicular to the S-TS planar junction in our case, the presence of a domain
wall allows separate control of the net charge and spin
currents flowing through the spin-triplet region. For the
single-domain configuration the phase difference across
the junction tunes a non vanishing spin current in the
absence of a charge current, whereas in the case of double
chiral domains the phase difference can drive a net charge
current in the absence of a net spin flow. Such observation can be immediately extended to the general case
of even and odd number of chiral domain walls within
the spin-triplet superconductor. Even (odd) number of
chiral domain walls would then yield a modulated net
spin (charge) current flow across the spin-triplet superconducting region.
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FIG. 4. (color online). (a) schematic description of the singlet-triplet-singlet (S-T-S) heterostructure with a single helical
domain in the spin-triplet region having px + ipy (px − ipy ) orbital symmetry for the spin up (down) electron pairs. Range 1 (2)
indicates half (entire) extension of the S-T-S system. Spatial profile of the real and imaginary parts of the spin-singlet ((b) and
(c)) and spin-triplet ((d)-(e) for up spin and (f)-(g) for down spin polarization) order parameters is shown at different values
of the phase difference φ between the spin-singlet sides of the heterostructure. (h), (l) and (n) indicate the spatial evolution
along x direction of the z-projected magnetization, x- and z-projected spin-currents, respectively. (i), (m) and (o) describe the
phase dependent behavior of the integrated quantities over the range 1 (blue squares) and 2 (black circles) for the z-projected
magnetization, x- and z-projected spin-currents, respectively.

B.

S-T-S with helical spin-triplet superconductor

By choosing the pairing coupling such as V↑↑ = V↓↓ 6= 0
and V↑↓ = 0 the superconducting region can exhibit a stable spin-triplet state with helical d~ = (py , px , 0) symmetry. The superconducting pairing now occurs in the equal
bpy + ybpx , and therefore it is natuspin channels, d~ = x
ral to contrast this case with the previously considered
chiral opposite spin pairing. Moreover, there are suggestions51 that the helical order is close in energy to the
chiral paired state in Sr2 RuO4 , making such a comparison necessary in order to help in determining the order
parameter for this candidate triplet superconductor.
As illustrated in Fig. 4(a), the pairing state can be

thought of as a superposition of the px ±ipy states for the
spin-up and spin-down Copper pairs, respectively. The
self-consistently determined order parameters are shown
in Fig. 4(b)-(g). The essential difference now is that there
is no direct coupling between the gradient of any equalspin triplet component, the singlet order parameter, and
the magnetization, and therefore no static spin polarization appears at the interface in the absence of a phase
difference between the S layers. However, as one can see
from Fig. 4 (h), finite φ gives rise to a spin polarization in the y direction which, in a sharp contrast to the
chiral case, has the same sign at the two S-T interfaces.
The origin of this net magnetic moment is once again the
spin splitting of the Andreev bound states at the interface, which, in the absence of the mixed symmetry order
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[h]
FIG. 5. (color online). (a) schematic description of the singlet-triplet-singlet (S-T-S) heterostructure with two helical domains.
Range 1 (2) indicates half (entire) extension of the S-T-S system. Spatial profile of the real and imaginary parts of the spinsinglet ((b) and (c)) and spin-triplet ((d)-(e) for up spin and (f)-(g) for down spin) order parameters is shown at different
values of the phase difference φ between the spin-singlet sides of the heterostructure. (h), (l) and (n) indicate the spatial
evolution along the x direction of the z-projected magnetization, x- and z-projected spin-currents, respectively. (i), (m) and
(o) describe the phase dependent behavior of the integrated quantities over the range 1 (blue squares) and 2 (black circles) for
the z-projected magnetization, x- and z-projected spin-currents, respectively.

parameters, is in exact analogy to the situation studied
in Ref. 52
It is well known that both in semiconductors53 and
in superconductors with antisymmetric spin-orbit coupling54 , near the interface the spins deviate from the principal quantization axis in the bulk, resulting in the spin
current of the component normal to that axis. In our
case similar physics arises from the need to rotate from
the equal-spin pairing amplitude in the triplet phase to
the opposite spin pairing on the singlet side: there is an
effective spin-active interface leading to the appearance
of the spin current of the transverse component. Mirror
symmetry of the system prevents the appearance of the
spin current polarized along the y direction, and hence
we find solely a current of carriers with spins polarized
in the x direction, Fig. 4 (l).
Finally, the counterclockwise rotating spin-up and

clockwise rotating spin-down Cooper pairs naturally give
rise to the edge spin current of the z-component in spin
space, Fig. 4(n). As is clear from Fig. 4(a), the net Jsz
is directed down (up) on the left (right) S-T interface,
and therefore averages to zero over the entire junction,
Fig. 4(o). Note that both spin currents exhibit spatial
oscillations near the interface on the scale roughly equal
to the coherence length, Fig. 4(l),(n).
As before, splitting the helical superconductor into two
domains does not affect the behavior at the interface,
and the net magnetic moment, Fig. 5(h), (i), which still
comes from the parity mixing at the singlet-triplet interfaces. The same interfaces give dominant contribution to
the spin current of the in-plane component. Therefore,
with the domain wall, these currents flow in the opposite
directions over the two S-T boundaries, and average to
zero irrespective of the phase difference across the junc-
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tion. With the two domains having opposite circulation
of the Cooper pairs with each spin polarization, the spin
currents of the z component add along the domain wall,
yielding a large contribution, Fig. 5(n). The S-T interfaces support Jsz in the direction opposite to the that
at the domain wall, but, because of the suppression of
the superconducting order parameter, those are smaller.
The net values of this component therefore remains finite when integrated across the junction, Fig. 5(o), and
has a greater magnitude than the corresponding value for
the system without the domain wall, as compared with
Fig. 4(o).

IV.

CONCLUSIONS

We have determined the behavior of transport and
magnetic properties of an S-T-S heterostructure by considering single and double-domain structure of the spintriplet region for both chiral and helical order parameters, and investigated the dependence of these properties
on the phase difference across the junction. The static
magnetization in all situations is due to the parity mixing at the singlet-triplet interface, and is confined to the
boundary layers, and therefore is insensitive to the existence of the domain wall. For chiral superconductors
with Sz = 0 opposite spin-triplet pairing, the interface
magnetization normal to the plane appears at the phase
difference φ = 0, while for the helical pairing the magnetization is parallel to the interface direction, and only
exists for a finite phase difference across the heterostructure.
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D. Vollhardt and P. Wölfle, The Superfluid Phases of Helium 3 (Taylor and Francis, London, 1990).
S. B. Chung and S. C. Zhang, Phys. Rev. Lett. 103, 235301
(2009).
L. Fu and E. Berg, Phys. Rev. Lett. 105, 097001 (2010).
T. H. Hsieh and L. Fu, Phys. Rev. Lett. 108, 107005
(2012).
S. Sasaki,M. Kriener, K. Segawa, K. Yada, Y. Tanaka, M.
Sato, and Y. Ando, Phys. Rev. Lett. 107, 217001 (2011).

10
25

26

27

28

29

30
31

32

33

34

35

36

37

38
39

B. Yan, C.-X. Liu, H. Zhang, C. Y. Yam, X. L. Qi, T.
Frauenheim, and S. C. Zhang, Europhys. Lett. 90, 37002
(2010).
Y. Tada, N. Kawakami, and S. Fujimoto, New J. Phys. 11,
055070 (2009).
X. Chen, Y. Yao, H. Yao, F. Yang, and J. Ni, Phys. Rev.
B 92, 174503 (2015).
T. Hyart, A. R. Wright, G. Khaliullin, and B. Rosenow,
Phys. Rev. B 85, 140510(R) (2012).
Y. Z. You, I. Kimchi, and A. Vishwanath, Phys. Rev. B
86, 085145 (2012).
S. Okamoto, Phys. Rev. B 87, 064508 (2013).
S. P. Mukherjee and K. V. Samokhin, Phys. Rev. B 91,
104521 (2015).
M. Matsumoto and M. Sigrist, J. Phys. Soc. Jpn. 68, 994
(1999).
J.R. Kirtley, C. Kallin, C.W. Hicks, E.-A. Kim, Y. Liu,
K.A. Moler, Y. Maeno, and K.D. Nelson, Phys. Rev. B
76, 014526 (2007).
F. Kidwingira, J.D. Strand, D. J. V. Harlingen, and Y.
Maeno, Science 314, 1267 (2006).
H. Kambara, S. Kashiwaya, H. Yaguchi, Y. Asano, Y.
Tanaka, and Y. Maeno, Phys. Rev. Lett. 101, 267003
(2008).
M. S. Anwar, . Nakamura, S. Yonezawa, M. Yakabe, R.
Ishiguro, H. Takayanagi, and Y. Maeno, Scientific Reports
3, 2480 (2013)
I. Serban, B. Béri, A. R. Akhmerov, and C. W. Beenaker,
Phys. Rev. Lett. 104, 147001 (2010).
M. Sato and S. Fujimoto, Phys. Rev. B 79, 094504 (2009).
C. K. Lu and S. Yip, Phys. Rev. B 82, 104501 (2010).

40

41

42

43

44

45

46

47
48

49

50
51

52

53

54

Y. Tanaka, T. Yokoyama, A. V. Balatsky, and N. Nagaosa,
Phys. Rev. B 79, 060505(R) (2009).
T. Yokoyama, Y. Tanaka, and J. Inoue, Phys. Rev. B 72,
220504(R) (2005).
C. Iniotakis, S. Fujimoto, and M. Sigrist, J. Phys. Soc.
Jpn. 77, 083701 (2008).
H. Mukuda, S. Nishide, A. Harada, K. Iwasaki, M. Yogi,
M. Yashima, Y. Kitaoka, M. Tsujino, T. Takeuchi, R. Settai, Y. Onuki, E. Bauer, K. M. Itoh, E. E. Haller, J. Phys.
Soc. Jpn. 78, 014705 (2009).
E. Arahata, T. Neupert, M. Sigrist, Phys. Rev. B 87,
220504(R) (2013).
A. Romano, P. Gentile, C. Noce, I. Vekhter, and M. Cuoco,
Phys. Rev. Lett. 110, 267002 (2013).
A. Romano, P. Gentile, Canio Noce, I. Vekhter, M. Cuoco,
Phys. Rev. B 93, 014510 (2016).
M. Sigrist and K. Ueda, Rev. Mod. Phys. 63, 239 (1991).
M. Cuoco, A. Romano, C. Noce, and P. Gentile, Phys.
Rev. B 78, 054503 (2008).
A. Romano, M. Cuoco, C. Noce, P. Gentile, and G. Annunziata, Phys. Rev. B 81, 064513 (2010).
K. Kuboki, J. Phys. Soc. Jpn. 70, 2698 (2001).
T. Scaffidi, J. C. Romers, S. H. Simon, Phys. Rev. B 89,
220510 (2014).
K. Sengupta and V. M. Yakovenko, Phys. Rev. Lett. 101,
187003 (2008).
E. G. Mishchenko, A. V. Shytov, and B. I. Halperin, Phys.
Rev. Lett. 93, 226602 (2004).
A.B. Vorontsov, I. Vekhter, M. Eschrig, Phys. Rev. Lett.
101, 127003 (2008).

